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(57) ABSTRACT

A system for electrical energy production from chemical
reagents 1 a compartmentalized cell includes: at least two
clectrodes, comprising at least one anode and at least one
cathode; at least one separator, that separates the anodes
and the cathodes; and an 1onic hiquid electrolyte system.
The system can be a battery or one or more cells of a battery
system. The 1onic hiqud electrolyte system comprises an
1onic liquid solvent; an ether co-solvent, comprising a min-
ority fraction, by weight, of the electrolyte; and a lithium
salt. In preferred variations, the anode 1s a lithium metal
anode and the cathode 1s a metal oxide cathode and the
separator 1s a polyolefin separator.
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SYSTEM FOR AN IONIC LIQUID-BASED
ELECTROLYTE FOR HIGH ENERGY
BATTERY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This Application 1s a continuation of U.S. Applica-
tion No. 16/715,418 filed on Dec. 16, 2019, which claims
the benefit of U.S. Provisional Application No. 62/780,039,
filed on Dec. 14, 2018, and U.S. Provisional Application

No. 62/784 095, filed on Dec. 21, 2018, both of which are
incorporated 1n their entireties by this reference.

GOVERNMENT RIGHTS

[0002] This mvention was made with government support
under award number DE-SCO0018858 awarded by the
Department of Energy and award number 1747377 awarded
by the National Science Foundation. The government has
certain rights i the mvention.

TECHNICAL FIELD

[0003] This disclosure relates generally to the field of high
energy batteries, and more specifically to a new and useful
system and method for an 10onic liquid-based electrolyte.

BACKGROUND

[0004] Lithium 1on (Li-1on) batteries are indispensable
components of modern technology, powering devices as
diverse as mmplantable medical devices and electric vehi-
cles. However, the performance of lithium-ion batteries
has plateaued. In the twenty-five years since their disclo-
sure, the technology has been so optimized that performance
1s approaching the fundamental limits of the matenals that
comprise the batteries. Two major drawbacks limait or hinder
their application 1n many existing and emerging
technologies.

[0005] Farst, Li-10n batteries have an mtrinsically limited
energy density. It can be challenging to achieve specific
energy beyond 300 Wh/kg at the cell level. Lithium metal
1s one choice of anode material that has been used to
increase energy density. However, the reactivity of Li
metal with conventional Li-ion e¢lectrolytes based on
organic carbonate solvents leads to electrolyte decomposi-
tion and depletion, resistance growth, and ultimately extre-
mely low cycle life.

[0006] Second, the volatile nature of traditional organic
solvent-based lithium battery electrolytes, whether tradi-
tional Li-ion chemistry or Li-metal chemistry, makes
rechargeable L1 battery operation very dangerous. If heated
internally (e.g. due to an internal short circuit, overcharge,
puncture, etc.) above a threshold temperature, they will
almost 1nstantly go mto thermal runaway, releasing large
amounts of heat and energy. Pack-level safety engineering
can easily reduce energy density and specific energy by 30%
or more. It also adds cost and time to the development pro-
cess of new battery technologies.

[0007] Thus, there 1s a need 1n the high energy density
battery field to create a new and useful rechargeable battery
system based on a stable, non-flammable liquid electrolyte,
preferably one that incorporates a metallic anode. This dis-
closure provides such a new and useful system and method.
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BRIEF DESCRIPTION OF THE FIGURES

[0008] FIG. 1 15 a schematic representation of a system of
one embodiment;

[0009] FIG. 2 1s a Ragone plot of discharge energy and
power for commercial cells and a system of one
embodiment;

[0010] FIG. 3 1s one schematic representation of a cylind-
rical cell of one embodiment;

[0011] FIG. 4 1s a second schematic representation of a

cylindrical cell of one embodiment;
[0012] FIG. 515 a schematic representation of a pouch cell

of one embodiment;

[0013] FIG. 6 shows image representations of micro-
graphs of anode surfaces after a formation cycle of charge
and discharge at 0.09 mA/cm”2 for lithium metal and
lithrum alloy anodes;

[0014] FIG. 7 1s a Nyquist impedance plot for lithium
metal and 10 wt.% Mg L1-Mg alloy anodes;

[0015] FIG. 8 1s a plot of the first C/20 cycle of cells for

lithium metal and 10 wt.% Mg Li-Mg alloy anodes;

[0016] FIG. 9 shows electrolyte systems 1 through 4 of a
preferred embodiment, in comparison with other non-embo-
diment prior art electrolytes;

[0017] FIG. 10 1s a list of generic chemical structures of
cations and amions for the 1onic liquid solvent of one
embodiment;

[0018] FIG. 11 shows an example of 10nic liquids;

[0019] FIG. 12 shows the generic chemical structures of
linear and cyclic ethers;

[0020] FIG. 13 shows examples of ethers;

[0021] FIG. 14 shows examples of fluoroethers;

[0022] FIG. 15 shows a generic chemical structure and
examples of phosphates;

[0023] FIGS. 16-18 show cycling performance for 5 Ah

pouch cells at ditferent C-rates at 25° C;
[0024] FIG. 19 shows cycling performance for 5 Ah pouch

cells at 45° C.;

[0025] FIG. 20 shows plots of discharge curves from a
pouch cell at 25° C_;

[0026] FIG. 21 shows plots of discharge curves from a
pouch cell at 45° C;

[0027] FIG. 22 1s a flowchart representation of a method

of a preferred embodiment; and
[0028] FIG. 23 15 a plot of the C/4 cycling performance of

a coin cell containing the electrolyte of a preferred embodi-
ment with Mg salts completely replacing 11 salts.

DESCRIPTION OF THE EMBODIMENTS

[0029] The following description of the embodiments of
the disclosure 1s not itended to limit the disclosure to
these embodiments but rather to enable a person skilled n
the art to make and use this disclosure.

Overview

[0030] As shown mm FIG. 1, a system that comprises a
high-voltage cathode with an energy-dense lithrum-based
anode 1n a stabilizing, non-flammable electrolyte. The sys-
tem functions as an energy cell to produce electrical energy
that dramatically increases energy density as compared to
commercially available lithium-10on batteries, while simulta-
neously being safe (thermally stable). The lithrum-based
anode may comprise a metal or metal alloy that ranges
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trom 10-100% lithium, by weight. Some alternative varia-
tions of the system may use alternative metal anodes as
described herem. The electrolyte, also referred to as an elec-
trolyte system, includes an 1onic liquid-based electrolyte
that replaces tlammable organic solvent-based electrolytes
responsible for the poor safety of lithium-ion batteries.
Additionally, the electrolyte system includes an ether co-
solvent that dramatically increases the conductivity of the
1onic solvent alone. The electrolyte enables commercially
available cathode materials to be cycled to a significantly
higher voltage (up to 4.6 V), unlocking more lithium storage
capability while mitigating many of the typical challenges
with cathode degradation m these operating conditions. The
clectrolyte 1tself has excellent electrochemical stability. As
shown 1n FIG. 2, some exemplary implementations of the
system with the electrolyte can have superior performance
as reflected through a Ragone plot when compared to com-
mercial batteries (Panasonic NCR 18650GA and Sony
18650VTC)S).

[0031] The electrolyte has a number of potentially benefi-
cial properties that make 1t unmiquely compatible with
lithium-based anodes. The solvents and salts have improved
reductive stability compared to conventional lithium-ion
clectrolytes, which reduces the amount of electrolyte
decomposition that occurs during L1 plating. The electrolyte
also forms a highly 1onically conducting and electronically
insulating solid electrolyte interphase (SEI) that enhances
uniform L1 plating while protecting the electrolyte and elec-
trodes from degradation. All of these elements, 1n combina-
tion, allow the cell to operate reliably and safely with the
low electrolyte loading (e.g. less than 0.5 grams of electro-
lyte per gram of cathode active matenal) required for high
energy density.

[0032] The lithium-based anode may comprise a lithium
metal anode, lithium metal plated 1 situ on a bare current
collector (metal foi1l or metalized plastic film), and/or a
lithium metal alloy composed of lithium with one or multi-
ple other metals (e.g. S1, Al, Mg, Sn, Pb, Cd, B1, As, Zn, or
other metals or combinations of metals which alloy with
lithium). Compared to lithrum metal anode, the lithium
metal plated in situ on a current collector may increase
energy density and/or specific energy. The lithrum alloy
anode may enable mcreased stability that may be the result
ol a smoother plating morphology exposing less fresh and
reactive metal each cycle. This stability means that L1 10ns
and electrolyte are not constantly consumed during the
cycling of the battery; thereby mitigating one possible
cause of failure mnherent 1n other lithium metal anode 1imple-
mentations. Vanations of the system with the stabilizing,
non-flammable electrolyte may be used with a lithium
metal alloy or may be used with an alternative type of

anode such as those described herein.
[0033] A preterred anode surtace morphology for repeated

cycle ability with low interfacial resistance 1s a smooth
plane of metal with uniform and homogeneous SEIL. Unfor-
tunately, for L1 deposition on L1 metal even 1n the best case
of low current densities (away from the transport-limited
regime), deposition tends to create a “mossy” surface mor-
phology with high surface area. This large surface areca
results mm the consumption of electrolyte and L1 as new
SEI (surface electrolyte mterphase) 1s formed on the new
surface. The new SEI remains upon subsequent L1 stripping,
increasing the mterfacial resistance with each cycle. This
increase 1n resistance and the resulting decrease 1n capacity
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1s one of the most common non-catastrophic failure mode ot
secondary batteries based on Li-metal. Thus, an important
technical challenge to commercializing the lithium metal
anode 1s to deposit lithium 1n compact structures with a
high volume-to-surface area ratio, to minimize the new
SEI formed for a given quantity of charge plated, which 1s
addressed at least in part by the system and methods
described herein.

[0034] Ionic hiquid-based ¢lectrolytes are typically criti-
cized for having poor rate capability, especially at tempera-
tures below 25° C. The electrolyte covered under the present
disclosure contains an 1onic liquid blended with an ether co-
solvent, which may dramatically improve low-temperature
performance and rate capability. The choice of lithium salt
also has a marked effect on cell rate capability, and the salt
compositions used 1n the present disclosure have been opti-
mized with this in mind. Thus, as a major benelit, the result
1s a high energy density cell with impressive rate capability
and low-temperature performance without any associated
instability or safety risks.

[0035] Additionally, a L1-M alloy anode may improve the
efficiency and reversibility of lithium plating by reducing
anode surface area change during charge. It has been
shown that the morphology of L1 deposited on a copper sub-
strate depends sensitively on the overpotential ot deposition.
Deposition at higher overpotentials results 1 a larger den-
sity of smaller nucle1, which results 1in a lower volume-to-
surface area ratio. It 1s thus advantageous tor L1 deposition
to occur at smaller overpotentials. The deposition overpo-
tential of L1 on a substrate depends on the composition of
the substrate. It has been observed that for certain substrates,
in particular Mg, Zn, and Ag, the overpotential 1s actually
lower than for the deposition of L1 on L1 metal for a given
current density. Furthermore, the overpotential for deposi-
tion of L1 on Li-Zn alloys 1s lower than for deposition on
pure Zn, and 1t 1s expected that this trend waill also apply to
L1-Mg and Li-Ag alloys. These observations suggest that the
surface morphology of cycled anodes composed of various
lithrum metal alloys will be smoother and will have the
higher volume-to-surface area ratios.

[0036] As one potential benefit, the lower overpotential of
L1 deposition observed for certain L1 metal alloys may result
in a lower interfacial charge-transfer resistance for the
deposition and removal of L1 from the anode. A lower over-
potential lowers the rate of degradation (e.g. from electro-
lyte decomposition) at a given current density. Conversely, a
lower overpotential may increase the rate capability of the
anode. Experimental evidence for reduced charge transfer
resistance based on electrochemical impedance spectro-
scopy (EIS) 1s presented 1n FIG. 7, where a 60% reduction
1in impedance atter an mitial C/20 formation was observed 1n
com cells containing a 10 wt.% Mg Li1-Mg alloy anode com-
pared to identical cells with a pure Li-metal anode.

[0037] As another potential benefit, a lithium metal alloy
anode may be more resistant to dendrite-induced short cir-
cuits which can result 1n catastrophic cell failure. It 1s known
that the electrodeposition of certain metals, such as Mg,
does not create the high surface area structures endemic to
L1 deposition on L1 metal anodes, even at high deposition
rates. One plausible explanation for this 1s the observation
that metallic Mg-Mg bonds are 0.18 ¢V stronger than metal-
lic L1-L1 bonds. At ambient temperatures, this translates mto
a more than 1,000-fold larger driving force for the sponta-
neous reorganization of deposited atoms 1nto structures with
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lower surtace area in Mg deposition than m L1 deposition.
Consistent with this 1dea, 1t has also been observed that the
surface diffusion of Mg 1n Mg metal 1s faster than that of L1
in L1 metal. A rough calculation suggests that the timescale
for surface diffusion of Mg 1s more than short enough to
smooth out dendrites as they grow, possibly explaming
why Mg deposition on Mg does not result in dendrite for-
mation. As a result of the presence of Mg, 1t 1s expected that
a L1-Mg alloy anode will have higher bond energies and
consequently faster surtace diffusion for newly deposited
L1 than a pure L1 metal anode and that this faster surface
diffusion could similarly smooth out L1 dendrites as they
form. Any increase 1n the rate of charge possible while
avoiding dendrite-induced short circuits would be a signifi-
cant improvement.

[0038] As another potential benefit, combining a Li1-M
alloy with the electrolyte may improve SEI quality, particu-
larly at room temperature. Two common anions are bis(tri-
ifluoromethanesultonyl)imide (“TFSI”) and bis(fluorosultfo-
onylyimide (“FSI”), which are known to form LiF-rich SEI
layers. LiF 1s known to have desirable SEI properties and
lead to stable cycling. Because Li 1ons must diffuse through
the SEI 1n order to transfer between anode and electrolyte, 1t
1s crucial that the SEI have high Li-ion conductivity. The
main Li-diffusion carriers in LiF are Li-1on vacancies, and
low vacancy concentration 18 the main cause of ditfusion
lmmitation. It 1s known that doping LiF with Mg and/or Al
1ons 1ncreases the concentration of L1 vacancies, which will
naturally happen when SEI forms on top of a Li1-Mg or Li1-Al
alloy anode. Thus the combination of alloys of Li1-Mg or Li-
Al with fluorine-rich anions may produce synergistic eftects
beyond the benefits associated with each separately.

[0039] As another potential benefit, both the electrolyte
and lithium metal alloy anodes ofter improved thermal sta-
bility and safety performance. As mentioned previously, the
clectrolyte 1s non-flammable, and as such allows the opera-
tion of the battery at elevated temperatures compared to bat-
teries based on conventional organic solvents. The electro-
lyte also reduces the risk of spontaneous battery combustion
and fire imtiated by external factors such as overcharging,
physical impact, and short circuit; or internal short-circuat
due to dendritic L1 growth through the separator. Similarly,
the Iithium metal alloy anode has greater thermal tolerance
compared to a lithium metal anode 1n the sense of having a
higher melting point. If a lithium metal anode melts during
battery operation, the liquid metal can create massive nter-
nal shorting which can quickly generate intense tempera-
tures and pressures within the cell. The melting point of
lithium metal 1s only 180.5° C., well within the range of
internal temperatures possible 1n a shorted, punctured, over-
charged, or otherwise abused battery. Alloying lithium with
another metal mcreases 1ts melting point and complements

the satety improvements atforded by the electrolyte.

[0040] These features provide significant benefits for cell
operation 1n fields requiring high energy density and safety,
such as aerospace, defense, o1l and gas, medical devices,
consumer electronics, and electric vehicles.

System

[0041] As shown n FIG. 1, a system for electrical energy
production from chemical reagents m a compartmentalized
cell mncludes: at least two electrodes, comprising at least one
anode 110 and at least one cathode 120; at least one separa-
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tor 130, that separates the anodes and the cathodes; and an
1onic liquid electrolyte system 140. The system can be a
battery or one or more cells of a battery system. Preferably,
the 1onic hiquid electrolyte system 140 comprises 1onic
liquids, ether co-solvents, and lithium salts solute. In preter-
able variations, the ether co-solvent comprises a minority
fraction, by weight, of the solvent electrolyte. In some pre-
ferred variations, the anode 110 1s a lithium-based metal
anode, wherein the lhithium-based metal anode may be a
lithium metal anode, lithium metal plated 1n situ on a current
collector (metal foi1l or metalized plastic film), a lithium
alloy anode, and/or some combimation mcluding lithium
metal and/or Iithium alloy(s). Generally speaking, in pre-
ferred variations, the lithium-based metal anode 110 con-
tamns 10%-100% lithium, by weight. In some preferred var-
1ations, the cathode 120 18 a metal oxide cathode. In some
preferred variations, the separator 130 1s a polyolefin separa-
tor. The 10n1c hiquid electrolyte system 140 may additionally
include additives that may add or improve certain function-
alities of the cell. An example of a type of additive 1 pre-
ferred varations mcludes a wetting agent, which functions
to reduce the soaking time and to improve the wetting uni-
formity of the polyolefin separator. The system preferably
functions as a thermally stable cell with high energy density
and high specific energy (henceforth referred to as “high
energy density”). In some preferred variations, the cell has
a speciiic energy of at least 350 Wh/kg and 600 Wh/L, and a
nominal voltage greater than 3.7 V.

[0042] In different variations, the system may contain
some or all system components 1n any suitable combination.
The system size and configuration are preferably highly
dependent on the implementation. In this manner, the sys-
tem may compris¢ a single cell, multiple cells, or sections of
a cell as desired. These cells may additionally have an
implementation-specific geometry:.

[0043] All of the aforementioned components can be com-
bined 1nto a cell 1n any level of simple or complex geome-
tries of both the exterior cell shape and the mterior geome-
trics of the cell subcomponents. Interior and exterior
geometries may enable specific implementations (e.g. a spe-
cific pouch geometry for a mobile phone), custom-designed
implementations (e.g. custom designed battery cell geome-
try that fits a umique device), implementations that enable
cell/energy generation expansion (e.g. prismatic cell geome-
tries that can be stacked to form multi-cell batteries), or for
even generic usage (€.g. a 18650 format cylinder battery that
can be put 1 and taken out of battery appliances). In imple-
mentations of the system, subcomponents may be removed
and added as desired. The system may thus include addi-
tional geometric components and physical components

such as: pressure vents, cell cases, and/or heat sinks.
[0044] In some variations, the anode 110, the cathode 120,

and the separator 130 form three layers that can be wound
together 1n concentric layers. In one example, the three
layers may form concentric circles forming a cylinder, as
shown m FIG. 3. In some other variations, there may be
two separator layers, and the four layers (anode 110, cathode
120, and two separator layers) may be wound m a spiral
formation with interlacing cathode and anode layers. In
on¢ example, as shown m FIG. 4 the four layers may form
a cylinder 1n sprraling circles, effectively creating multiple
interlacing layers of cathodes 120 and anodes 110. Both
these variations may be used 1n implementations to create
common cylindrical format batteries, such as 18650-type
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and 21700-type batteries. Cylindrical format batteries may
be created using any other type of desired mternal geome-
tries. For example, six layers of concentric circles, two of
cach, may be used to create the cylinder geometry.

[0045] In alternative preferred examples, both the three-
layer and four-layer vanations may be wound 1 a rounded
rectangle cell, as i a prismatic cell. These prismatic cell
examples may be mmplemented as rectangular batteries,

modular battery blocks or cells, and pouch cells.
[0046] In another variation, the anode 110, the cathode

120, and the separator 130 may be cut and stacked one on
top of each other as in a pouch cell. FIG. 5§ shows a sche-
matic representation of the pouch geometry of a preferred
embodiment. In one example, punched and stacked anode
110 and cathode 120 pieces may be placed between a “z-
folded” separator or punched and stacked cathode pieces
placed between a z-folded separator and anode. The present
system can be made m any format in which traditional
lithium-10on chemistry can be made.

[0047] The system of a preterred embodimment includes at
least one anode 110. The anode 110 1s preferably an elec-
trode (1.e., the negative electrode) through which conven-
tional current enters the cell during the discharging process.
Accordingly, during discharging, the conventional current
(positive charge) exits the positive electrode (the cathode).
As one knowledgeable 1n the art can appreciate, electroche-
mically, the definitions of cathode and anode change sides
depending on when you charge or discharge the battery. In
preferred variations, the system includes at least one anode
110, wheremn the number, shape, composition, and other
properties of each anode are dependent on the system 1mple-
mentation. Some examples of anode 110 geometries
include: cylindnical “wire(s)”, hollow cylinders, and flat
sheets, as described above. In preferred embodiments, each
anode 110 1s preferably embedded, at least partially, within
the electrolyte system 140 and physically 1solated from all
cathodes 120 by at least one separator 130.

[0048] In some preferred implementations, the anode 110
may be mounted, formed, or bonded to a substrate as desired
(¢.g. the anode may be mounted on a current collector sub-
strate). As exemplary implementations, a lithium metal or
lithium alloy anode can be mounted or formed 1n situ on a
current collector. In situ formation occurs when the system
1s assembled with a bare current collector and the lithium
metal or lithium alloy anode 1s plated on the current collec-
tor upon first charging the battery. The lithium 10ns, imnterca-
lated mm the cathode 120, plate with or without alloying
metals contained 1n the electrolyte onto the current collector,
thus forming the anode 110 1n situ. In preferred implemen-
tations, the current collector 18 a metal foil or a metalized
plastic film. In one implementation, the current collector 1s
copper metal or a copperized plastic film, preferably 3-
30 um 1n thickness. In alternative preferred implementa-
tions, the anode 110 1s “freestanding” and not bound to a
substrate (e.g. as lithium metal sheets 1n a pouch implemen-
tation). As a freestanding metal sheet (also referred to as
metallic foil) the anode may vary from 5 to 80 um 1n thick-
ness. As exemplary implementations, this metallic foil var-
1ation may be freestanding lithirum metal, or freestanding
lithium metal alloy (preferred Li-Mg, other options include
Li-Ag, L1-Zn, L1-Sn, L1-S1, etc.). As another alternative var-
1ation, the anode 110 may comprise tercalated material,
preferably 5-300 um thickness. In some 1mplementations,
the imtercalation matenal could comprise graphite or silicon.
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For the pouch geometry, freestanding anode 110 sheets may
be welded directly to tabs that carry current into the anode
terminals from outside. The tabs are typically welded to and
make electrical contact with each electrode. The tabs collect
the current from every electrode and connect them through
the cell casing to an external load. In preferable variations,
the anode tabs comprise nickel.

[0049] In some preferred varations, the anode 110 1s a
metal anode. More preferably, the anode 110 1s a lithium-
based anode. In one preferred example, the lithrum-based
anode 110 1s a lithium metal anode; also referred to as L1
anode or L1 metal anode). L1 anodes 110 may have a high
theoretical specific capacity (e.g., at or around 3860 mA h/
2), low density (e.g., at or around 0.534 g/cm”3), and low
negative electrochemical potential relative to a standard
hydrogen electrode (e.g., at or around -3.040 V). The
anode 110 may alternatively comprise other alkali metals
(e.g. Sodum, Potassium) or alkaline earth metals (e.g. Ber-
yllium, Magnesium, Calcium).

[0050] In another vanation, the lithium-based anode 110 1s
a lithium metal alloy anode; also referred to as Li1-M anode
for an unspecified alloy, wherem M serves as a metal com-
pound placeholder and may be replaced by a specific alloy
compound comprising on¢ or more metals (e.g. Li1-Al anode
would refer to a lithum aluminum alloy anode). Li-M
anodes may function to bring the high-level lithium metal
functionality (e.g. high energy density, low reductive poten-
tial) with improved battery cyclability. The Li1-M anode 110
may accomplish this through improved efficiency and rever-
sibility of the lithium plating, on the anode, by providing a
chemical potential gradient that drives newly deposited
lithum away from the anode surface and into the bulk
thereby promoting smoother surface-electrolyte mterphase
between the anode and electrolyte. FIG. 6 shows 1mmages
from a scanning electron microscope (SEM) of the anode
surface after a formation cycle of charge and discharge at
0.09 mA/cm”2. From left to right, the anodes 110 are L
metal, Li1-Mg alloy with 10 wt.% Mg, and Li-Mg alloy
with 25 wt.% Mg. The scale bar represents 1 um. The
images may show that the Li-Mg alloy with 10 wt.% Mg
improves surface morphology the most. This may be at
least partially due to a higher diffusion coetficient of lithium
1ons 1n lithium alloys as compared to lithium metal (e.g. at
room temp. the diffusion coetlicients of Li-1on 15 ~10.00 X
10-8 cm?/s n 10 wt.% Mg, L1-Mg and ~1.00 X 10-% cm?/s 1n
L1 metal). Examples of preferred metal (M) compounds of
the L1-M mclude: S1, Al, Mg, Pb, Cd, B1, As, Sn, Zn, and/or
any combination of these metals. Alternatively, M may

comprise another metal or metal compound.
[0051] In one preferred example the Li1-M anode 110 1s a

L1-Mg anode (1.¢. lithium magnesium alloy anode), wherein
L1 comprises 11-100 wt.% of the alloy. At room tempera-
ture, ~25° C., L1-Mg has a solid-solution phase yielding a
large usable capacity range free from phase transitions. The
L1-Mg anode may function to provide a reduced impedance.
FIG. 7 shows Nyquist impedance plots of coin cells contain-
ing L1 anodes and comn cells contaming Li-Mg anodes
(10 wt.% Mg). Both cells underwent C/20 formation after
a 44-hour resting period, at 25° C. The 10 wt.% Mg cells
exhibited a 60% reduction in impedance. Additionally, FIG.
8 shows the first C/20 cycle of a cell built with a separator
130 comprising large pores ~1 um for Li-Mg anodes
(10 wt.% Mg.) and L1 anodes. The difference may demon-
strate the fundamental benefits of Li1-Mg alloys for improv-
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ing surface morphology. The alloy material percentage
between the metal (Mg) and lithtum can be made within a
variety of ranges. In the case of a Li-Mg alloy, Mg may
comprise 0.1-60% by weight of the Li1-Mg alloy. Implemen-
ted versions of the system will preferably settle on a set
percentage or a limited range of a percentage. In one pre-
ferred implementation, the lithium-magnesium alloy 1s one
where magnesium comprises approximately 10% (e.g., 9-
11%), by weight, of the lithrum-magnesium alloy. In one
preferred implementation, the lithtum-magnesium alloy 18
one where magnesium comprises approximately 5% (e.g.,
3-7%), by weight, of the hithium-magnesium alloy. How-
cver, alternative varniations may have magnesium weight
percentage with any suitable range 1n at least the ranges of
0.1-60% (e.g., magnesium comprising 0.1-5%, 5-10%, 10-
15%, 15-20%, 20-25%, 25-30%, 30-35%, 35-40%, 40-45%,
45-50%, 50-55%, 55-60%, and/or other suitable ranges such

as 2.5-7.5%.)
[0052] The system of a preferred embodimment includes at

least one cathode 120. The cathode 120 1s preferably an
clectrode through which conventional current leaves the
cell during the discharging process. In preferred vanations,
the system includes at least one cathode 120, wherein the
number, shape, physical composition, and other properties
ol each cathode are dependent on the system implementa-
tion. Some examples of cathode 120 geometries include:
cylindrical “wires”, hollow cylinders, and flat sheets, as
described above. In preferred embodiments, each cathode
120 1s preterably embedded, at least partially, within the
electrolyte system 140 and physically 1solated from all
anodes 110 by at least one separator 130. In some variations,
cach cathode 120 may have a distinct separator 130, as
shown 1n FIG. 5, while 1n other variations a single separator,

or another number of separators may separate the cathode

and the anode 110.
[0053] In some preferred variations, the cathode 120 1s a

metal oxide cathode. Metal oxide preferably improves the
efficiency and functionality of the cell (e.g. by increasing
the specific capacity). A metal oxide cathode 120 1s prefer-
ably constructed by coating a mixture of metal oxide active
material, polymeric binder, and conductive additives onto a
current collector. Examples of metal oxide active maternal
may be a lithrum-rich, or nickel-rich alloy. Additionally,
metal oxide doping may improve 1onic mobility and con-
ductivity. Examples of metal-oxide cathodes include:
NMC (111, 532, 622, 811; the number mdicates the molar
ratio of N1, Mn, and Co 1n the chemucal formula LiN1,Mn,,_
Co.0, where x+y+z = 1. For NMC811, Ni:Mn:Co is 8:1:1,
hence the chemical formula LiNiggMng 1Co0g.10,), LCO
(L1Co0O,), LFP (LiFePO,), and NCA (LiNig.g-
Co0p.15Alp.050- and other varied compositions). Preferably,
the metal-oxide cathode has a mass loading range between
5-18 mg/cm?, although 1t may have a mass loading outside
of this range. Preferably, the metal-oxide cathode has a den-
sity range between 2.4-3.5 g/cm3, although 1t may have a
density beyond this range.

[0054] The system preferably includes at least one separa-
tor 130. The separator 130 of one embodiment functions to
physically and electrically separate anodes 110 and cathodes
120. Additionally, the separator 130 functions as an 10ni-
cally conductive membrane that conveys e¢lectrolytes
throughout the battery cell (¢.g. enhanced with the use of a
wetting agent). The separator 130 1s preferably a thin porous
material (¢.g. 1 - 50 microns 1n thickness) with a porosity of
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20-60%, as desired. The separator 130 may be composed of
carbon-based polymer chains (e.g. polyethylene, polypropy-
lene) with or without 1norganic compounds (e.g. aluminum
oxide, titanium oxide) for reinforcement. Dependent on
implementation, the system may include one, or multiple,
separators 130 to 1solate the anodes 110 from the cathodes
120. Each separator 130 may have the same or distinct geo-
metry as required by the implementation.

[0055] Implementations of the separator 130 can be 1 to
50 um 1n thickness, have a pore size < 350 nm; and a por-
osity > 35%. The separator may be a bare membrane. In
some preferred vanations, the separator 130 1s a polyolefin
separator. Examples of polyolefin include polyethylene
(PE), and polypropylene (PP). Polyolefin 1s a synthetic poly-
meric material that adds strength and durability to the
separator 130. Polyethylene can have a simple linear struc-
ture with repeating units. Polypropylene can have a three-
dimensional structure with a backbone of carbon atoms. In
on¢ variation, the polyolefin separator 130 1s composed of
just polyethylene. In another wvariation, the polyolefin
separator 130 1s composed of polypropylene. In a third var-
1ation, the polyolefin separator 130 1s another polyolefin. In
a fourth vanation, the polyolefin separator 130 1s composed
of multiple polyolefin matenials. In a fifth variation, the sys-
tem has a non-polyolefin separator 130. Examples of non-
polyolefin separator materials mclude: cellulose, polymmide,
polyethylene terephthalate (PET), and glass material. In
some variations, the separator 130 may mclude a coating
of or be layered with other matenial, e.g. ceramics, surfac-
tant, and/or polymer with or without morganic fillers.
[0056] The clectrolyte system 140 of one embodiment
functions as the 1onic charge carrier (1.. medium) for the
system. The electrolyte system 140 allows the conduction
of 1ons through the separator 130 and 1n between/within
the electrodes. The electrolyte system 140 1s composed of
an 1onic liquid solvent combined with a minority-fraction
ether co-solvent, and dissolved lithium salts. The electrolyte
system 140 may additionally mclude wetting agents and/or
additional additives. FIG. 9 shows several electrolyte sys-
tems of a preferred embodiment (electrolyte systems mclud-
Ing a co-solvent) with relative ratios of different constituen-
cies as indicated 1 electrolyte 1, electrolyte 2, electrolyte 3,
and e¢lectrolyte 4 1n comparison to other electrolytes: an IL

clectrolyte, a solvent 1n a salt electrolyte, LHCE 1, and
LHCE 2.

[0057] To improve the stability and reduce potential safety
hazards of high energy density cells without compromising
the system performance, the electrolyte system 140 1s pre-
ferably chemically and electrochemically stable against both
the anode 110 and cathode 120; thermally stable; forms a
protective solid electrolyte interphase; and facilitates uni-
form stripping and deposition of lithium. The electrolyte
system 140 may include any and/or all desired additives to
improve and/or give new functionality. Dependent on the
subcomponents, the electrolyte system may have a wide
range of viscosities. In preferred variations, the electrolyte
system has a viscosity ranging between 1-250 centipoise
(cP).

[0058] In preferred variations, the electrolyte system 140
includes 1onic liquad solvents. Ionic liquids are implemented
as a solvent for use 1n electrolytes for high-energy density
lithium metal cells. Ionic hiquids have excellent chemical
and e¢lectrochemical stability. Electrochemical stability
enables lithium metal to be reversibly plated to and stripped
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from the anode 110 with minimal electrolyte consumption
when “fresh” lithium 1s exposed to the electrolyte. It may
also enable the reversible high-voltage (up to 4.6 V vs. Lv/
L1+) cyching of NMC, LCO, and NCA, with minimal transi-
tion metal dissolution, surface structure reorganization, and
oxidative electrolyte decomposition. The superior safety
aspect of the 1onic liquid electrolytes due to their non-tflam-
mable nature improves the abuse tolerance and thermal sta-
bility of the battery cell. Ionmic liquids may comprise 5-75%,
by weight, of the electrolyte system 140. Examples of pre-
terred 1onic hiquids include: propyl-methyl-pyrrolidinium-
FSI/TFSI;  butyl-methyl-pyrrolidinium-FSI/TFSI;  octyl-
methyl-pyrrolidintum-FSI/TFSI  and any combination
thereof.

[0059] The type of 10onic liquid may be changed depending
on the desired implementation. There are many 1omic hiquids
that could be considered for an 1onic-liquid based electrolyte
for lithium metal cells. The choice of 10nic liquid solvent 1s
preferably chosen based on cation and anion with high
reductive stability (for compatibility with Iithium metal)
and oxidative stability (for compatibility with high voltage
cathodes 120), with a melting point below 25° C. for low-
temperature operation. The 1onic liquid solvent should be
capable of dissolving large quantities of lithium salts. As
shown 1n FIG. 10 1onic liquids (IL) may be based on the
molecular formula, M;A;, wherein the example chemical
tormulas tor M; and A; are given for preferred variations;
wherem M, represents example cations and A; represents a
list of amions. Ry, Ry, R,, R3, R4, Rs, and R may be imde-
pendently substituted for C,_;, alkyl-substituted, and inde-
pendently contamning heteroatoms selected, but not limited
to, N, O, S and F; R;, Rg, and Ry may be independently
hydrogen-substituted, halogen-substituted, C;.;¢ alkyl-sub-
stituted, and optionally containing heteroatoms selected, but
not limited to, N, O, S and F. Examples of 1onic liquids, as
shown 1n FIG. 11 mclude:

[0060] Example IL-1: N-propyl-N-methylpyrrolidinium
bis(fluorosultonylimude, where according to formula
(NI[{lAO:.FRo = -(CH,),-, R1 = -CH3, R2 = -(CH,),CHj;, Ry
=Rs=-F

[0061] Example IL-2: N-methyl-N-propylpyrrolidinium
bis(trifluoromethylsulfonyl)amide, where according to for-
mula (M;A,), Ry =-(CH,),-, R1 =-CH;, R2 = -(CH,),CHj,
R, = Rg = -CFs.

[0062] Example IL-3: tetrapropylammonium bis(fluoro-
osulfonyDimide, where according to formula (M)A,), R3 =
R4y = Rs=Rs =-(CH;),CHj3, R7; = Rg =-CF3.

[0063] Example IL-4: tetrapropylammonium trifluoro-
methanesultonate, where according to formula (M>A»), Rj
— R4: Rﬁz R6 — -(CHz)QCH_;? Rg — -CF3.

[0064] The electrolyte system 140 preferably includes a
lithium solute, 1.e. lithrum salt. The choice of lithium salt
in the electrolyte system 140 has a large impact on lithium
1on transport. In preferred vanations, the lithium salt 1s cho-
sen to have high dissociation 1n the electrolyte. The lithium
salt preferably comprises 20-50%, by weight, of the electro-
lyte system 140. That 1s, lithium salts contaimng small,
mobile anmions are preferred m order to facilitate rapid
lithium 10n diffusion. The electrolyte system 140 may con-
tain  Iithium  bas(fluorosultonylDimide (LiFSI), lithium
bis(trifluoromethylsulfonyl)amide (L1TFSI), lithium tetra-
fluoroborate  (LiBF4), Iithrum  hexafluorophosphate
(L1PF6), Iithium bis(oxalato)borate (LiBOB), lithium
difluoro(oxalato)borate (L1DFOB), lithium trifluorometha-
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nesulfonate (L1T1), lithium mitrate LINO3. More pretferably,
the lithrum salt 1s LiFSI or LiTFSI, and most preterably
LiFSI. Other suitable lithium salt variations may alterna-
tively be used.

[0065] The electrolyte system 140 preferably mcludes a
co-solvent. The co-solvent preferably comprises a minority
fraction of the solvent, by weight. In preferred variations,
the co-solvent comprises 5-40%, by weight, of the electro-
lyte system 140. In some preferred variations, the electrolyte
system 140 can include multiple co-solvents. The co-solvent
1s preferably an ether co-solvent. The co-solvent may func-
tion to improve lithium 10n mobility over the 1omic hiquid
solvent by 1tself. In preferred variations, the co-solvent 1s
added m high enough proportion to yield a considerable
improvement 1 lithium 1on mobility compared to that of a
pure 1onic liquid solvent electrolyte system alone.-while
remaining 1n low enough proportion to not compromise
the thermal stability, flammability, and electrochemical sta-

bility of the electrolyte.
[0066] The co-solvent may be 1n the ether class. Ethers

may be reductively stable and enable reversible lithrum
metal plating and stripping. The co-solvent may be a cyclic
ether, such as 1,3-dioxane (DOL), 1,4-d1oxane (DX), or tet-
rahydroturan (THF). FIG. 12 shows the general structure of
cychc and linear ethers and FIG. 13 shows examples of cyc-
lic and linear ethers. The co-solvent 1s more preferably a
linear ether, such as dimethoxyethane (DME), Bis(2-meth-
oxyethyl) ether (G2), Tniethylene glycol dimethyl ether
(G3), or Tetracthylene glycol dimethyl ether (G4),
Bis(2,2.2-trifluoroethyl)ether (BTFE); Ethylal; 1,1,2,2-Tet-
rafluoroethyl 2.2.3,3-tetrafluoropropyl ether (TFPE), and
combination thereof.

[0067] In addition to the mentioned prior benefits, the
combination of ether co-solvent and appropriate lithtum
salt dramatically improves the Li+ transport performance
at ambient and at low temperatures (down to -20 C), relative
to an 1onic-liquid-based electrolyte without either the co-
solvent or the appropnate Li-salts. This allows for the stable
operation of the cell with high energy density even at very
low temperatures, without the flammability concerns of
typical electrolytes designed for low-temperature operation.
[0068] As part of the function of the electrolyte system
140, almost all electrolyte components may reductively
decompose with contact with bare lithium metal, leading
to the formation of a solid-electrolyte-interphase (SEI)
layer. The mechanical and chemical properties of the SEI
have a significant effect on cell performance. A preferred
SEI 1s electronically msulating, 1onically conducting, and
mechanically robust; yet flexible enough to accommodate
volume change during lithium plating and strippig. Given
the high reductive stability of the 1onic liquid and the co-
solvent, the chemical composition of the SEI 1s highly
dependent on the choice of lithum salt. A preferred salt
combines an anion whose reduction-decomposition pro-
ducts (e.g. LiF for some of the fluorinated anions) are elec-
tronically insulating yet lithium-1on conducting, with a co-
solvent whose reduction-decomposition products are flex-
ible polymers, which bind together the morganic species
and 1mbue the SEI with flexibility.

[0069] In vanations that include a Li-M anode 110, the
clectrolyte system 140 may additionally or alternatively
include metal M salts. As detailed 1in the methods section,
the L1-M anode may be formed 1n situ by a spontaneous and/
or electrochemical alloying reaction between an anode 110
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electrode and an electrolyte system 140 containing M salts
and/or an existing L1-M anode may be modified, 1n situ, by a
spontaneous and/or e¢lectrochemical alloying reaction
between the existing Li-M anode and the electrolyte con-
taiming metal M salts. Thus, the metallic salts may function
as alloying material to form and/or resurface the Li-M
anode. The metallic salts may contain bis(trifluoromethane-
esulfonylyimide (““TFSI”), bis(fluorosulfonyl)imide (“FSI”),
hexatluorophosphate (“PFy”), tetrafluoroborate (“BEF;”),
and/or bis(oxalate)borate (“BOB”) anions, or any other sui-
table anion, or some combination thereof. The metallic salts
may be blended, to produce a L1-M alloy anode with various
compositions of distinct metals. This fine-tuning allows the
talloring of the Li1-M alloy anode to meet specific pertfor-
mance characteristics. It also allows the creation of alloys
with specific compositions which may not be commercially
available.

[0070] In many varnations, the ether co-solvent may not
generally be as electrochemically or thermally stable as the
1onic liquid solvent. The stability can be increased by using
a high concentration of lithium salts, such that the co-sol-
vent 1s well coordinated by lithium 10ns. A solvent molecule
will be well coordmated with Li* 1ons when there are
enough L1" 10ns 1n solution to partially or tully surround 1t
and hence electrostatically screen 1t from decomposition at
the electrodes. High salt concentrations may also increase
the surface concentration of lithium 1ons at the anode 110
during plating, which increases plating uniformity, lowers
the plating overpotential, and reduces ¢electrolyte decompo-
sition. As a result of these considerations, moderate or high
salt concentrations of > 30 wt.% are preferred for some var-
1ations. Alternatively 1n one vanation, the lithtum salt solute
may comprise 0.1-15 wt.%, by molarity, of the ¢lectrolyte
system 140. In a second variation, the lithium salt solute
may comprise 15-30 wt.%, by molarity, of the electrolyte
system 140. In a third vanation, the lithium salt solute may
comprise 30-40 wt.%, by molarity, of the electrolyte system
140. In a fourth vanation, the lithium salt solute may com-
prise 40-50 wt.%, by molarity, of the electrolyte system 140.
Moderate to high Li-salt concentrations dramatically
improve the oxidative stability of an electrolyte, as
described above, based on 1onic liquids blended with an
cther co-solvent. This improved oxidative stability may dra-
matically extend cycle life when such an electrolyte 1s
paired with a metal-oxide cathode 120, to produce a cell

obtaining high energy density, as described above.
[0071] In some variations, the electrolyte system 140 may

additionally include additives. Additives can preterably
address one or more challenges of the system by including
additives; e.g. sluggish lithtum 10n conductivity of the elec-
trolytes may be improved through an additive. In one pre-
ferred variation, the system may address the slowing of 10n
transport that may result from 10onic liquids being highly vis-
cous compared to the volatile organic solvents used 1n tradi-
tional lithium-10n cells. As another potential challenge that
may be addressed by the system, the lithium 10ons from dis-
solved lithium salts generally comprise only a minor frac-
tion of the charge carriers 1 the solution. Thus leads to lower
lithium-10n transference numbers compared to organic car-
bonate electrolytes, which leads to the formation of large
concentration gradients across the cell and worsened
charge/discharge rate capability. Some variations of the sys-
tem may additionally or alternatively address such limited
L1t transport 1ssues as discussed herein.
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[0072] In some preferred variations, the electrolyte system
140 may additionally include various wetting agents. Wet-
ting agents may or may not be considered additives with no
effect or limits on the functionality of the wetting agent. In
preferable variations, wetting agents comprise 0.5-50%, by
weight, of the electrolyte system 140. The wetting agent
may function by reducing the viscosity and polarity of the
electrolyte, thus lowermmg wetting times and mmproving
interfacial compatibility with the separator 130, respec-
tively. The system may include a single wetting agent, mul-
tiple wetting agents, or no wetting agents. In some varia-
tions, the above-mentioned co-solvent may function as one
wetting agent. Other wetting agents with either low viscos-
ity or low polanty may be used, such as linear or cyclic
ethers, fluormated ethers, etc.

[0073] Wetting agents may dramatically improve the abil-
ity of the electrolyte system 140 to properly wet the cell
components, especially the polyolefin separator 130. The
wetting agent may reduce the time needed for cell wetting
and formation. The wetting agent may also improve the abil-
ity of excess electrolyte, which may be mcluded 1n the cell,
to wick mto a stack and replenish consumed electrolyte to
extend cycle life. The benefit of wetting agents increases as
cell size 1s mcreased (both planar dimension and stack thick-
ness. 1.e. number of layers), as 1s needed to produce a cell
obtaining high energy density, as described above. That 1s, a
wetting agent 1s preferred for larger systems.

[0074] In some variations, the wetting agent may be a sur-
factant. A surfactant may be characterized as a compound
that contains both polar components and non-polar compo-
nents at the molecular level. Surfactants provide a more
compatible intertacial layer between the non-polar separator
130 surtace and the moderately polar electrolyte. Traditional
surfactants may be 1onic or non-1onic, and/or polymeric or
oligomeric. Ionic surfactants may be cationic or anionic.

Examples of surfactants that may be used include Triton
X-100, 3M FC-4430, 3M FC-4432, Chemours Capstone

FS-66, Chemours Capstone FS-3100, Pluronic L-35, F-68,
Li-dodecylsulfate, and Silwet L-77.

[0075] Alternatively, the wetting agent may be another
1onic liquid, wherein the 1onmic liquid 1s also a surfactant.
The alkyl chain attached to the main ring of the cation can
function as a hydrophobic element, improving compatibility
with hydrophobic battery components such as the polyolefin
separator 130.

[0076] In some variations, the wetting agent may further
include a phosphate ester (e.g. PO(OR)3) or phosphite com-
pound (e.g. P(OR)3). FIG. 15 shows examples of phosphate
esters. Phosphate esters and phosphites are known to be
tlame retarding. Upon thermal decomposition, these wetting
agents may generate phosphorus-contamning radicals that
can scavenge and stop the propagation of the hydrogen or
hydroxyl radical generated trom the combustion of common
alkane-containing solvents. Additionally, the phosphate
ester and/or phosphite co-solvent, depending on the specific
functional group, may improve the wetting of the separator
130 and cathode 120 by reducing the viscosity and surface
tension of the bulk electrolyte. Preferably, the phosphate
ester and/or phosphite wetting agent may also improve the
L1 deposition morphology and electrolyte oxidation stability
by forming a stable and high-quality SEI on the cathode
particle surface.

[0077] Alternatively, the wetting agent may additionally
or alternatively be a fluormated ether. FIG. 14 shows exam-
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ples of fluorinated ethers. Fluorinated ethers may enable the
formation of a more stable solid-electrolyte-mterphase (SEI)
on both the cathode and anode surfaces. Fluormated ethers
may be either tully or partially fluormated. Additionally, the
Coulombic efficiency of the battery may increase with the
degree of fluorination.

[0078] Additives may additionally be a component of the
electrolyte system 140. Typically additives are defined to be
added m small relative concentrations, ¢.g. < 10 wt.%, but
may alternatively be added m greater relative concentra-
tions. Additives may alter/improve any number of function-
alities of the system (e.g. to further tune the chemical and/or
physical properties of the SEI). Additives may be divided
into various classes depending on their primary purpose,
though some additives may be multifunctional. Some addai-
tives may be reductively unstable i contact with lithium
metal and are designed to mfluence the chemistry of the
SEL Some additives may be designed to decompose on the
cathode surface to build a thin passivation layer that protects
the electrolyte from turther side reactions catalyzed by the
reactive surface of the cathode 120. Some additives may be
designed to break up solvent-solute interactions and
improve the Lit transport properties of the electrolyte.
Some additives may be designed to polymerize i contact
with L1 metal anode 110, producing a high-performance
SEI component that prevents continuous side reactions
between electrolyte 140 and L1 anode 110. The electrolyte
system may contain any combination of these categories of
additives, including none at all.

Examples

[0079] Herein, examples and comparative examples are
used to further elaborate the disclosure. The scope of this
disclosure 1s not limited by the specifications and examples
provided here.

[0080] Data for an example embodiment of this disclosure
1s presented 1n the figures. FIGS. 16-19 are examples of
cycling performance data for different battery C-rates and
temperatures for a 5 Ah pouch cell. FIG. 16 shows the cell
cycled using a C/6 charge and C/3 discharge protocol at
25° C., FIG. 17 shows the cell cycled using a C/10 charge
and 1C discharge protocol at 25° C., FIG. 18 shows the cell
cycled using a C/2 charge and 1C and 2C discharge proto-
cols at 25° C., and FIG. 19 C/6 charge and 1C discharge
protocol at 45° C. FIG. 20 shows the discharge curves for
different C-rates at 25° C. and FIG. 21 shows the discharge
curves for different C-rates at 45° C.

[0081] In a first example, the anode 110 15 freestanding
lithium metal of 20 to 80 um thickness, the cathode 120 1s
NMCSI1 of 5 to 18 mg/cm? single-sided active matenal
loading, and the separator 130 1s polyethylene of 5 to
30 um thickness. The 1onic liquid solvent 1s propyl-
methyl-pyrrolidintum-FSI (PYRI13FSI), with 9 wt.% to
12 wt.% dmmethoxyethane (DME) as a minority-fraction
co-solvent. The lithium salt 1s LiFSI with a concentration
between 25 wt.% to 40 wt.% LiFSI. Wetting 1s enhanced
usmg small (<5 wt.%) amounts of methyl-pentyl-pyrrolidi-
num-TFSI (PYRI5TFSI), and Silwet L-77 surfactant as
wetting agents.

[0082] In a second example, the anode 110 1s lithium
metal of 50 um thickness mounted on a copper current col-

lector, the cathode 120 1s NMC811 of 12 mg/cm? active
material loading, and the separator 130 1s polyethylene of
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12 um thickness. The 1onic liquid main solvent 1s propyl-
methyl-pyrrolidinium-FSI (PYRI13FSI), with 7 wt.% to
12 wt.% dimethoxyethane (DME) as a minority-fraction
co-solvent. The Iithium salt 1s a blend of LiFSI and LiTFSI
with a concentration between 25 wt.% to 30 wt.% LiTFSI
and 6 wt.% to 8 wt.% LiFSI. Wetting 1s enhanced using
triethyl phosphate and Bis(2,2,2-trifluoroethyl)ether as wet-
ting agents.

[0083] In a thurd example, the anode 110 1s lithium metal
of 50 um thickness mounted on a copper current collector,
the cathode 120 1s NMCS811 of 12 mg/cm? active material
loading, and the separator 130 1s polyethylene of 12 um
thickness. The 1onic liquid solvent 1s propyl-methyl-pyrroli-
dintum-FSI (PYRI3FSI), with 20 wt% to 40 wt.%
dimethoxyethane (DME) as a minority-fraction co-solvent.

The Iithium salt 1s LiFSI with a concentration between

40 wt.% to 60 wt.% LiFSI.
[0084] In a fourth example, the anode 110 1s freestanding

lithum metal of 50 um thickness, the cathode 120 1s
NMCS8I11 of 12 mg/cm? active matenial loading, and the
separator 130 1s polyethylene of 12 um thickness. The
ionic liquid solvent 1s propyl-methyl-pyrrolidinmum-FSI
(PYRI3FSI), with 7 wt.% to 12 wt.% dimethoxyethane
(DME) as a mnority-fraction co-solvent. The lithium salt
1s LiFSI with a concentration between 40 wt.% to 45 wt.%
LiFSI. Wetting 1s enhanced using small (<5 wt.%) amounts
of methyl-octyl-pyrrolidinium-TFSI (PYR18TFSI), and 3M
FC-4430 surfactant as wetting agents.

Method

[0085] As shown m FIG. 22, a method for 1 situ lithtum
metal (L1-M) alloy formation preferably includes: adding a
[1-M alloy salt to an electrolyte solution S110, exposing an
anode base 1nto the electrolyte solution S120, and driving
the L1-M alloy salt onto the anode base S130. The method
functions to produce a L.1-M alloy anode through the deposi-
tion of Li1-M alloy material on an anode base through an
induced overpotential. The method may be a standalone
operation; for example, to create the anode of a battery or
the anode for any generally implemented oxidation/reduc-
tion reaction (€.g. “factory” generation of a battery). Alter-
natively, the method may be part of the general operation of
some cell system; for example, a “cell resting” phase, or
battery charge/discharge phase (e.g. to refresh the surface-
clectrode interphase of a L1-M alloy anode, or to generate a

L1-M alloy anode).

[0086] The method may be implemented to serve one of
three general purposes, although 1t may be implemented for
any desired purpose, 1) Creating a L1-M alloy material: The
method may be mmplemented for the creation of a Li-M
alloy, preferably for implementation as an anode. Li-M
alloy creation comprises m-situ alloy creation either on a
base structure (e.g. anode base) or spontancous Li-M alloy
creation. 1) Refreshing a L1-M alloy matenal: As a Li-M
alloy material may deplete over time (e.g. durning battery
operation), the method may enable replenishment of the
L1-M alloy. m1) Creating and/or refreshing a surface-elec-
trode mterphase (SEI): The anode SEI of a battery plays a
significant role 1 battery charging/discharging cycles.
Through many cycles, deformations of the SEI (e.g. dendri-
tic formations) may occur that impair battery functionality.
The method may be implemented to remove and/or reduce
these deformations. It should be noted that these three gen-
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eral purposes are not necessarily distinct or separate 1deas,
but may refer to the same concept(s).

[0087] Dependent on implementation, the method 18 pre-
ferably a single-use method for some systems or a repeated
method for the same or other systems. In preferred embodi-
ments, the method 1s preferably utilized with a system as
described above, but can be preferably implemented with
any system, or subsystem, that mncludes an electrolyte that
includes a Lithium salt; preferably the electrolyte further
includes an 1onic hiquid solvent; preferably the electrolyte
further includes an ether co-solvent; preferably the ether
co-solvent 1s a minority fraction (by weight) of the solvent.
As the specific implementation of the method 1s very depen-
dent on the exact system 1t 1s implemented with, a general
overview of the method 1s presented, with general steps on
how to use a set of system specifications to determine the

exact method step.
[0088] Block S110, which mcludes adding a Li-M alloy

salt to the electrolyte, functions to provide alloy material
for the anode. The amount of Li1-M alloy salt added to the
clectrolyte preferably varies on implementation. In pre-
ferred varniations, the amount of Li-M alloy salt added cor-
responds to the desired final composition of the anode. Add-
ing a Li1-M alloy salt to the electrolyte S110 may occur
concurrently with creating the electrolyte solution. Alterna-
tively, block S110 may occur at any time after the creation of
the electrolyte solution. In some variations adding a Li1-M
alloy salt to the electrolyte S110 may be part of the upkeep,
thereby helping to restore the Li-M alloy anode, or the sur-
face electrode mterphase (SEI).

[0089] The alloy of Li-M alloy may comprise lithium with
one, or multiple, other metals or metal compounds. Exam-
ples of possible metals include: S1, Al, Mg, Sn, Pb, Cd, Ba,
As, Zn. Dependent on the desired implementation, S110 pre-
ferably includes adding the appropriate salt of the desired
metal alloy.

[0090] Block S120, which includes exposing an anode
base to the electrolyte, functions to expose the anode base
to the electrolyte solution. In varnations, wherein the method
1s used for spontancous anode formation, block S120 may
be excluded from the method. In many varnations, exposing
the anode base to the electrolyte S120 1s a sigle operation
process that 1s done one time (e.g. at the point of time when
a battery cell 1s created). In these variations, the anode base
may be continuously and/or permanently exposed to the
electrolyte. In other variations, block $S120 may need to be
performed on the anode base for each implementation of the
method. For example, a battery may have a system that con-
tains modular cathode and anode components. As part of
block S120, the base anode may be moved from a first bat-
tery case containing some electrolyte to a second battery
case containing the desired electrolyte, thereby exposing
the anode base to the electrolyte solution.

[0091] Block S130, which includes driving the Li1-M alloy
salt onto the anode base, functions to “grow” a Li-M alloy
anode on the anode base (also referred to as alloying pro-
cess). In preferred vanations, block S130 comprises creating
the appropnate thermodynamic and/or kinetic conditions to
induce Li1-M alloy anode growth.

[0092] Dnving the Li-M alloy salt onto the anode base
S130 may be dependent on the composition of the anode
base, which may vary dependent on the system implemented
with the method. The anode base type may be divided into
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three general groups: 1) non-existent 1) a seed-type anode
base, 11) lithrum or Li1-M alloy anode base.

[0093] In a first variation, the anode base 1s non-existent
(e¢.g. 1n the mitial creation of the anode). In this variation,
driving the Li-M alloy salt onto the anode base S130
includes nucleation event(s) to generate the Li-M alloy
anode. Thus block S130, includes creating the appropnate
thermodynamic conditions such that nucleation of Li-M
alloy material may occur spontaneously (e.g. spinodal
decomposition). In this implementation, block S130 prefer-
ably includes altering the system thermodynamic conditions
such that this type of nucleation may occur (¢.g. changing
temperature or pressure).

[0094] In a second variation, the anode base may comprise
some general electrode matenial, such as a copper current
collector (e.g. this may be an implementation for the crea-
tion of a battery). For a copper current collector, or other
oeneral electrode matenial, driving the Li-M alloy salt onto
the anode base S130 pretferably includes creating appropri-
ate thermodynamic conditions such that nucleation occurs
along the electrode material. As the electrode material may
serve as a nucleating “seed”, the thermodynamic conditions
may be less stringent as compared to the first example. In
some 1implementations, the anode base may additionally be
implanted with specific nucleation seeds/impurities. These
seeds/impurities may further reduce the thermodynamic
requirements for driving the Li-M alloy salt onto the anode
base S130. Additionally or alternatively, these seeds may
cnable better organization of Li-M alloy growth on the
anode base, both improving the Li-M alloy density and
improving the SEIL

[0095] In a third vanation, the anode base may be com-
posed of a lithium metal or the desired lithium metal alloy
(e.g. a premade alloy matenal, and/or in implementations to
refresh a battery). In this variation, creating the appropriate
thermodynamic conditions may be even less stringent. As
the lithrum metal or L1-M alloy material 1s 1n place, thermo-
dynamic conditions that enable L1-M alloy salt to precipitate
out of the electrolyte and deposit onto the anode base may
be suflicient.

[0096] Dnving the Li-M alloy salt onto the anode base
S130 preferably includes kinetically driving the Li-M alloy
salt onto the anode base. In preferred vanations, kinetically
driving the L1-M salt comprises mducing an electrical cur-
rent, although other driving methods may be additionally or
alternatively used (e.g. heat currents). Kinetically driving
the L1-M salt onto the anode base may function to control
the rate of L.1-M alloy growth (e.g. to improve SEI forma-
tion, and speed up alloy formation) and help determine the
region for Li1-M alloy formation (¢.g. during spontaneous
alloy formation).

[0097] Kinetically driving the Li-M salt onto the anode
base S120 may include increasing or decreasing the current
during the alloymg process. In some variations, as Li-M
alloy salt 1s depleted trom the electrolyte as during the alloy-
Ing process, the current may be increased to maintain a rela-
tively constant overpotential. This may function to help
form a smoother SEI. In another variation, the current may
be significantly increased to induce the complete depletion
of L1-M alloy salt from the electrolyte prior to the formation
of the SEI.

[0098] Expernimental evidence for the utility and viability
of spontancous and electrochemical alloying 1s given 1n
FIG. 23. A com cell was constructed with a L1 metal
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anode, a Nickel-Manganese-Cobalt (NMC) cathode, and an
clectrolyte comprising 0.3 molal of Mg(TFSI), salt, but no
L1 salt. After a resting period of 44 hours at 25° C., the cell
was charged and discharged at C/20 and then cycled at C/4
at 25° C. FIG. 23 compares the cycling performance of this
cell to a control cell 1dentical in construction and operation
except contamming 0.6 molal LiTFSI salt mstead of the
Mg(TFSI), salt. It 1s observed that after twelve cycles the
performance of the two cells 1s nearly 1dentical. Since Mg
1ons cannot intercalate into the NMC cathode, this indicates
that some or all of the Mg 10ons mitially mn the electrolyte
have been incorporated mnto the lithrum metal anode and
replaced by Li 10mns.

[0099] As used herein, first, second, third, etc. are used to
characterize and distinguish various elements, components,
regions, layers, and/or sections. These elements, compo-
nents, regions, layers, and/or sections should not be limited
by these terms. Use of numerical terms may be used to dis-
tinguish one element, component, region, layer and/or sec-
tion from another element, component, region, layer and/or
section. The use of such numerical terms does not imply a
sequence or order unless clearly indicated by the context.
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Such numerical references may be used mterchangeably
without departing from the teaching of the embodiments
and variations herein.

[0100] As a person skilled 1n the art will recognize from
the previous detailed description and from the figures and
claims, modifications and changes can be made to the embo-
diments of the disclosure without departing from the scope
of this disclosure as defined 1n the following claims.

1. A rechargeable battery cell comprising:
anegative electrode comprising lithium metal;
a positive electrode, comprising an intercalation material;
a separator that separates the negative electrode and the
positive electrode; and
an 10n1¢ liquid electrolyte comprising
an 1onic liquid solvent, having a concentration of 5% by
weight to 75% by weight;
an ether co-solvent comprises a non-fluorinated ether,

wherein the non-fluorinated ether has a concentration
of 5% by weight to 40% by weight; and

a lithium salt solute.
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